Accurate survival estimates are needed to construct robust population models, which are a powerful tool for understanding and predicting the fates of species under scenarios of environmental change. Microbats make up 17% of the global mammalian fauna, yet the processes that drive differences in demographics between species are poorly understood. We collected survival estimates for 44 microbat species from the literature and constructed a model to determine the effects of reproductive, feeding and demographic traits on survival. Our trait-based model indicated that bat species which produce more young per year exhibit lower apparent annual survival, as do males and juveniles compared with females and adults, respectively. Using 8 years of monitoring data for two Australian species, we demonstrate how knowledge about the effect of traits on survival can be incorporated into Bayesian survival analyses. This approach can be applied to any group and is not restricted to bats or even mammals. The incorporation of informative priors based on traits can allow for more timely construction of population models to support management decisions and actions.
Introduction
Population models are a powerful tool for assessing the potential effectiveness or likely impacts of management actions. However, robust predictions of population change are commonly hindered by high levels of uncertainty around vital rates, especially survival [1, 2] . To maximize the use of population models, it is critical that we develop a better understanding of intrinsic and extrinsic factors that have the biggest impact on survival. One means of doing so is to make better use of modern trait-based approaches [3] . In this process, the relationship between survival rates and readily identifiable traits is quantified across many species. Then, a posterior prediction of the survival rate of a new species can be produced in a Bayesian framework by combining the prior belief of what a species' survival rate should be based on its traits with evidence in the form of population monitoring data [4] .
Microbats (Microchiroptera) make up 17% of the global mammalian fauna [5] , but the processes that drive differences in demographics between species and populations are poorly understood. Ample data are available to investigate the relationship between bat traits and annual survival, as bats have been banded since the 1910s [6] . This body of literature represents a substantial, yet underused source of information for bat demographers. However, past reviews of the subject express concern regarding the unrealistic assumptions made by older statistical methods, the impacts that trapping and marking techniques may have had, and the fact that arousal from hibernation during capture may impair survival [7 -10] . Given these factors, survival rates reported from past studies should be used with caution.
Here, we conduct a comprehensive review of all published microbat survival estimates and use these to develop a trait-based model of annual survival, using a & 2015 The Author(s) Published by the Royal Society. All rights reserved.
mixed-effects approach to address potential biases. We then demonstrate how predictions from trait-based models can be used as informative priors in Bayesian survival analysis using 8 years of bat box monitoring data for two Australian microbat species. In doing so, we show how demographic and trait data from a range of sources can be synthesized to advance our understanding of population processes, add value to individual species survival datasets or improve predictions of species' responses to management and environmental change.
Material and methods (a) Literature search
We searched the literature for published apparent annual survival estimates (f, referred to as 'survival estimates' herein) of wild bat (suborder: Microchiroptera) populations up to September 2012. In total, we identified 59 papers and obtained 625 survival estimates (electronic supplementary material, table S1), covering 44 species and seven families (electronic supplementary material, table S2). Seventy per cent of these species were vespertilionids, or the evening bats, which are the most widespread and speciose family. Our aim was to acquire baseline estimates that would best represent an average population in an average year, so filter criteria were applied (electronic supplementary material, S1), and following this process 193 estimates were included in the final analysis, 33% of which were for adult females (electronic supplementary material, table S2).
(b) Trait modelling meta-analysis
A Bayesian meta-analysis of the effect of traits on survival was conducted in OPENBUGS through the R package 'R2OPENBUGS'. We fitted a series of linear mixed-effects models with bat species having a random effect on the intercept. The variables age, sex, study season and the statistical approach used to derive the estimate formed the 'base model', and we tested the effect of also including all possible combinations of number of young, mass, feeding guild and roost location on deviance information criteria (electronic supplementary material, table S3). Some authors argue that use of heterothermy influences survival rates of mammals [11] , but we did not find any evidence for this in our study (see the electronic supplementary material, S2). The continuous variables mass (m ¼ 14.89) and number of young (m ¼ 1.348) were centred for the analyses. For each model, we ran three Markov chain Monte Carlo (MCMC) chains, and took 100 000 samples from the posterior distribution (code provided in the electronic supplementary material, S3). The first 50 000 iterations of each chain were discarded to ensure convergence, checked using Gelman-Rubin convergence diagnostics.
(c) Nest-box case study
To demonstrate the value of the trait model in survival analysis of individual microbat species, we model a monitoring dataset of two species occupying 60 artificial nest-boxes in two reserves which lie approximately 14 km northeast of Melbourne city centre, Australia. Chalinolobus gouldii (Gould's wattled bat) is an approximately 14 g vespertillionid that consistently gives birth to twins, and Austronomus australis (the white-striped freetailed bat), is a molossid that bears singular young and weighs around 38 g [12] . Boxes were manually checked throughout the year (electronic supplementary material, table S4), and individual bats were marked with a microchip or bat band when first encountered. Across 8 years, 876 C. gouldii and 134 A. australis were marked. Data were broken into six-monthly seasons, with summer spanning October -March and winter April -September.
(d) Modelling of apparent seasonal survival (f ) for case study species
We estimated the survival rates for both species using a combination of the microchip and band data within a Bayesian state-space formulation of a Cormack-Jolly -Seber model. Survival parameters were estimated using the program JAGS implemented from R using the package 'R2jags'. Using the trait Table 1 . Posterior parameter estimates for the final trait model, which takes the form of: model, we predicted apparent survival rates for our study species and converted these to beta informative priors [13] . To obtain posterior estimates of survival and detection, we ran three MCMC chains for 20 000 iterations of the model for each species (see code in the electronic supplementary material, S4). We also used subsampling to explore changes in survival estimation uncertainty with the accumulation of field data over sampling years. For both species, we selected all possible survival data time-series between 3 and 8 years in length and estimated survival rates based on each dataset. Finally, closely related species tend to exhibit similar traits, so phylogeny has the potential to impact on our inference about the relative importance of traits for survival.
To test for this, we conducted an additional analysis where superfamily was treated as a fixed effect in the models (detailed in the electronic supplementary material, S3).
Results (a) Trait modelling
The most parsimonious species trait model included the fixed terms guild, number of young, age, sex, season and method, and the species random effect (electronic supplementary material, rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150371 table S5 ). Once these predictions were incorporated into Bayesian survival modelling as an informative prior, the posterior prediction did not divert from the prior substantially, even when a large number of individuals had accumulated in the dataset (Dm ¼ 0.0004-0.16). Fewer data were available for A. australis males and juveniles ( figure 1c-e,g,h) , and we do not believe that the final estimates for these groups are robust.
Discussion
Here, we have drawn on a century's worth of bat markrecapture efforts to identify traits that influence survivorship. We found that the age and sex of an individual has a strong effect on survival. High juvenile mortality is standard across many species, but the effect of sex is interesting. Lower male survivorship may be explained by the fact that the majority of the species in our trait model were vespertilionids, for which natal dispersal is generally male-biased [14] . During this time, there may be increased mortality as a result of predation and the energetic costs of movement [15, 16] . Male vespertilionids are also usually smaller [17] and lose energy reserves faster than females during hibernation [18] . The species-specific traits that had the strongest effect on survival were the number of young produced and guild (table 1). The latter was driven by high survivorship of frugivores, which may be because they spend comparatively less time foraging [19] . With regards to number of young, bats are enormous at birth, constituting a 15-30% of the mass of the postpartum mother [20] , so young represent a large energetic investment [7] . These findings are comparable to those of the two previous studies which linked bat traits to survival [19, 21] but only focused on a handful of species, or maximum longevity records, which reflect survival rates of exceptional individuals rather than the population as a whole. Some groups may also experience higher survival rates owing to phylogenetic effects, and there was some evidence that this is the case for species in the Rhinolophoidea superfamily (detailed in the electronic supplementary material, S3). The trait model predictions represent a good starting point for many bat species, though they will be most reliable for adult female vespertilionids owing the inherent biases in the literature.
The analyses presented here can act as a template for any taxa; as new empirical evidence accumulates, models of survival can be updated and refined, and with this, predictions will become more reliable for a broader range of species. Divergence between estimates of survival obtained from field data and those obtained from trait model predictions could act as an early warning that a population is undergoing decline, or that certain species are unusual in the way that their survival relates to their traits. Increases in precision obtained from knowledge of the relationship between traits and vital rates can be equivalent to the collection of several years of data [4] , which represents a potentially large saving on survey time and resources.
We do not wish to suggest that the existence of trait models in any way diminishes the need for good empirical data to underpin survival estimates for viability analysis and the range of management applications it serves. The ideal situation is that existing ecological knowledge is combined with high-quality empirical data to provide reliable and timely inputs to viability assessment and management decisions. However, mark-recapture studies are expensive and timeconsuming [8] and are infeasible for many species where individuals are difficult to capture [10] . It will simply not be possible to collect detailed demographic data for all species facing decline. By taking advantage of the learnings of past studies, trait-based modelling allows us to better understand the processes driving communities and populations. 
